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Spontaneous emission of the quantum system driven by a high intensity classical laser field is
analyzed. The study is based on the accurate consideration of quantum system interaction with
vacuum quantized field modes in the first order of perturbation theory, while the intense laser field
is considered classically beyond the perturbation theory. It is demonstrated that the spectrum of
the spontaneous emission can be used for analyzing of the strong-field dynamics and structure of
the energy spectrum of the atomic system. The obtained data are compared with that obtained in
the frames of semiclassical approximation typically used for analyzing of the strong-field dynamics.
It is found that the applicability of the semiclassical approach is strictly limited.
PACS numbers: 32.80.Fb , 32.80.Ee, 42.50.Ct
1. INTRODUCTION
Analysis of the strong field atomic dynamics in one of
the most important problems of modern atomic physics
and extreme nonlinear optics [1, 2]. It is known, that
atomic spectrum can be dramatically reconstructed by an
intense external laser field. The new so-called ”dressed
atom” appears to exist [3, 4]. It can be named as an
example the Kramers - Henneberger atom arising in the
adiabatic stabilization regime in a strong laser field [5–
7]. Another kind of dressing is realized in the interference
stabilization (IS) regime [8–10]. The detailed analysis of
the stabilization phenomenon can be found in [4] and re-
views [11, 12]. We would like to note that significant
dressing and reconstruction of the atomic spectrum can
also appear in rather weak external fields if one studies
the resonant interaction of the laser field with an atom.
The example of such a dressing is splitting of atomic en-
ergy levels in the process of Rabi oscillations and forma-
tion of the Mollow triplet [13]. Spontaneous emission of
such dressed by external fields atoms is one of the best
ways to study the structure of energy spectra arising dur-
ing the dressing.
On the other hand, to study the initial stage of any
nonlinear process the spontaneous emission should be
also taken into account. Typically the nonlinear response
is analyzed by the semiclassical approach [14–18] when
electromagnetic field is considered still classically. To in-
troduce spontaneous emission to the semiclassical the-
ory the correspondence principle [4] is applied. Such
an approach was questioned in [19, 20]. It was demon-
strated that the application of the semiclassical approach
to study emission of the quantum system driven by high
intensity laser field is generally in contradiction with
quantum electrodynamical calculations.
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In this paper new approach for analysing spontaneous
radiative processes in a quantum system driven by a
strong classical laser field is considered. This approach
is based on the first order perturbation theory applied to
the interaction of the atomic system dressed by the ex-
ternal laser field with a lot of quantized field modes in the
assumption that initially all the modes are in a vacuum
state. The proposed approach is applied to study the
spectrum and emission of a model single atom driven by
the strong laser field, in particular in the regime of the
strong-field stabilization. Comparison of the obtained
data with that obtained in the semiclassical approxima-
tion is performed.
2. ATOMIC DYNAMICS IN A STRONG LASER
FIELD IN THE PRESENCE OF INTERACTION
WITH QUANTIZED ELECTROMAGNETIC
FIELDS
We analyse the atomic system using the following
Hamiltonian
H = H0(~r, t) +Hf ({a}) + V (~r, {a}), (2.1)
whereH0 = Hat(~r)+W (~r, t), Hat(~r) is the atomic Hamil-
tonian,
W = − e
mc
~A(t)~p+
e2A2(t)
2mc2
(2.2)
represents the interaction of atom with classical laser field
in the velocity gauge in the dipole approximation, ~A(t)
is the vector-potential of the classical field, ~p = −i~∇ is
the momentum operator, Hf is the Hamiltonian of the
set of field modes excluding laser field mode, V stands for
the interaction of an atomic electron with the quantized
electromagnetic field, ~r is the electron radius-vector and
{a} is the set of quantized field mode coordinates. We are
going to deal with the quantized field using perturbation
theory. Then, in the case when there is no interaction
2one can write the well-known equation
i~
∂ψ(~r, t)
∂t
= H0(t)ψ(~r, t), (2.3)
which describes the atom dynamics in a classical laser
field. Initial condition can be written as
ψ(~r, t = 0) = φ(~r), (2.4)
where φ(~r) is a given stationary or unstationary state of
the atomic discrete spectrum or continuum. We will also
suppose that at the initial instant of time all field modes
are in the vacuum state |{0}〉. Provided that we know
the solution of equation (2.3), the solution of the general
equation with the Hamiltonian (2.1)
i~
∂ψ(~r, {a}, t)
∂t
= (H0(t) +Hf + V )ψ(~r, {a}, t), (2.5)
and initial condition ψ(~r, {a}, t = 0) = φ(~r) × |{0}〉 can
be found by means of perturbation theory.
Wave function of zero-order approximation excluding
interaction with the quantum field modes reads
Ψ(0)(~r, {a}, t) = ψ(~r, t)× |{0}〉 . (2.6)
We are going to find the solution of (2.3) in the form:
Ψ(~r, {a}, t) = Ψ(0)(~r, {a}, t) + δΨ(~r, {a}, t) (2.7)
assuming that δΨ≪ Ψ(0).
Substituting (2.7) in (2.5) in the first order of smallness
one obtains:
i~
∂δΨ(~r, {a}, t)
∂t
= (H0(t) +Hf )δΨ(~r, {a}, t)+
VΨ(0)(~r, {a}, t), (2.8)
with the initial condition δΨ(~r, {a}, t = 0) = 0.
In fact (2.8) can be formulated as Schroedinger equa-
tion for the δΨ with the source in the right hand. For
further analysis of eq. (2.8) let us remind that initially we
have vacuum in all field modes. Therefore in the first or-
der of perturbation theory δΨ contains only one-photon
excitation in a some field mode:
δΨ(~r, {a}, t) =
∑
k,λ
δψkλ(~r, t)× {0, 0, . . .1k,λ, 0, . . . 0, 0}.
(2.9)
Here δψkλ(~r, t) is the electron wave function provided
that one photon with wave vector ~k and polarization λ
has appeared. As the interaction of the atom with quan-
tized field can be written in a form
V (~r, {a}) =
∑
k,λ
Vkλ = − e
mc
∑
k,λ
(~ekλ~p)akλ (2.10)
( akλ is the vector-potential operator of mode {k, λ} and
~ekλ is the polarization vector) for a given mode with one-
photon excitation one can write:
i~
∂δψkλ(~r, t)
∂t
|1kλ〉+ δψkλ(~r, t)× (3/2)~ωkλ |1kλ〉 =(
H0(t) + h
(f)
kλ
)
δψkλ(~r, t) |1kλ〉+ Vkλψ(~r, t) |0〉 . (2.11)
Here h
(f)
kλ is the Hamiltonian of the field mode {k, λ}.
Taking into account that h
(f)
kλ |1kλ〉 = 3/2 · ~ωkλ |1kλ〉,
and akλ |0〉 = anormkλ√2 |1kλ〉 exp(iωkλt), (anormkλ =√
4π~c2/ωkλL3) is the auxiliary normalizing constant, L
is normalization volume), the final form of the eq. (2.11)
can be written as
i~
∂δψkλ(~r, t)
∂t
= H0δψkλ(~r, t)
−e(~ekλ~p)
mc
× anormkλ√
2
× ψ(~r, t)× exp(iωkλt) (2.12)
with the initial condition δψkλ(~r, t = 0) = 0.
It is obvious, that the expression
Wkλ(t) =
∫
|δψkλ(~r, t)|2d3r (2.13)
represents the probability to find a photon in the mode
|k, λ〉 as a function of time. Then the total probability to
emit the photon of any frequency and polarization during
the transition f → i is
Wfi(t) =
∑
k,λ
Wkλ(t). (2.14)
As the spectrum of field modes is dense, we can replace
the sum in eq. (2.14) by the integral:
2L3
∫
d3k
(2π)3
=
2L3
8π3c3
∫
ω2kλdωkλ
∫
dΩ. (2.15)
After the integration over angular distribution of pho-
tons and summation over possible polarizations the prob-
ability of the spontaneous decay in the spectral interval
(ω, ω + dω) can expressed in the form
Wωdω =
L3
3π2c3
ω2dω ×Wk=ω/c,λ, (2.16)
where Wkλ is given by (2.13). One should note, that the
expression (2.16) do not depend on the normalization
volume, as Wkλ ∼ 1/L3. The energy emitted in the
spectral interval (ω, ω + dω) is found as:
dQω = ~ω ×Wωdω. (2.17)
To provide more insight into the physics of sponta-
neous emission in the presence of strong laser field, wave
3functions δψkλ(~r, t) should be represented as the super-
position of the stationary states of the atomic Hamilto-
nian:
δψkλ(~r, t) =
∑
n
C(kλ)n (t)ϕn(~r) exp
(
− i
~
Ent
)
, (2.18)
The squared coefficients of the decomposition (2.18) im-
ply the probability to find the atom in different states
under the assumption that the emitted photon is in the
definite mode {k, λ}. We will further use these values to
interpret the results of numerical simulation.
We would like to mention that the discussed problem
can be formulated also in the length gauge [19]. In this
case
W = −~d~ε(t), (2.19)
where ~d is the dipole operator and ~ε(t) = − 1c (d ~A/dt) is
electric field strength. However, it is known [4] that if
the dipole approximation is valid, both gauges provide
equivalent results if we deal with the exact solution of
the nonstationary problem (2.3).
3. SPONTANEOUS RAMAN AND RAYLEIGH
SCATTERING
First, we will start from the case when the solution of
nonstationary Shroedinger equation (2.3) for the atomic
system driven by the classical laser field can be found
approximately in the first order of perturbation theory.
Then
ψ(~r, t) = ϕi(~r) exp
(
− i
~
Eit
)
+
∑
n6=i
C(1)n (t)ϕn(~r) exp
(
− i
~
Ent
)
, (3.1)
where
C(1)n (t) =
~dni ~ε0
2~
(
exp(i(ωni − ω)t)
(ωni − ω) +
exp(i(ωni + ω)t)
(ωni + ω)
)
.
(3.2)
Here ϕn(~r) and En are the eigenstates and eigenvalues
of the atomic Hamiltonian Hat(~r), and ωni are the tran-
sition frequencies from state |i〉 to state |n〉. We use here
the length gauge as far as for rather weak monochromatic
(quasi-monochromatic) field ~ε = ~ε0 cos(ωt) the relation
~pni ~A0 = ~dni~ε0 is obviously valid and both gauges provide
the same result. Substituting (3.1) and (3.2) into (2.12)
and assuming that |i〉 is the initial atomic state one de-
rives the equation for probability amplitude to find the
atom in |f〉 and the photon in the mode {k, λ}:
i~ψC˙
(kλ)
f = −
∑
n
C(kλ)n (
~dfn ~E(t)) exp(iωfnt)−
εnorm√
2
∑
n6=i
C(1)n (~ekλ
~dfn) exp(i(ωfn + ωkλ)t), (3.3)
Here εnormkλ = ωkλanormkλ/c =
√
4π~ωkλ/L3 is the
normalizing constant for the electric field in the mode
{k, λ}. Second term in the right part of (3.3) stands for
the emission of photon {k, λ} while the first one describes
the evolution of atomic wave function in the classical field
after the emission of photon and here we will neglect such
evolution. From (3.3) one derives:
|Ckλf (t→∞)|2 = ε2normkλ
∣∣∣∣∣∣
∑
n6=i
(~dfn~ekλ)(~dni~ε0)
2
√
2~
1
ωni − ω
∣∣∣∣∣∣
2
×2πδ(Ef − Ei − ~ω + ~ωkλ)× t, (3.4)
This is the probability of the Stoks component of the
spontaneous Raman scattering corresponding to the final
state |f〉 and emission of a photon
~ωkλ = ~ω − (Ef − Ei). (3.5)
If the final state coincides with the initial one |f〉 = |i〉
we derive the expression for the Rayleigh scattering
∣∣Ckλi (t→∞)∣∣2 = ε2normkλ
∣∣∣∣∣∣
∑
n6=i
(~din~ekλ)(~dni~ε0)
2
√
2~
1
ωni − ω
∣∣∣∣∣∣
2
×2πδ(~ωkλ − ~ω)× t, (3.6)
when the frequency of spontaneous photon is the same as
for laser radiation. Not far from the resonance when the
laser frequency is ω ≈ ωni with definite value of n , the
transition takes place through the only intermediate state
and summation over all intermediate states in expressions
(3.4) and (3.6) should be omitted:
∣∣Ckλi (t→∞)∣∣2 = ε2normkλ
∣∣∣∣∣
(~din~ekλ)(~dni~ε0)
2
√
2~
1
ωni − ω
∣∣∣∣∣
2
×2πδ(Ef(i) − Ei − ~ω + ~ωkλ)× t, (3.7)
In higher orders of perturbation theory for interaction
with the classical laser field it is possible to obtain similar
expressions for hyper-Rayleigh
~ωkλ = n~ω, n = 2, 3, 4, . . .
and hyper-Raman scattering of laser radiation by atomic
system
~ωkλ = n~ω − (Ef − Ei), n = 2, 3, 4, . . .
For example, for Stocks hyper-Raman scattering with
n = 2 one reads
∣∣Ckλi (t←∞)∣∣2 = −ε
2
norm
2~
∣∣∣∣∣
∑
m 6=i
(~ekλ ~dfm)×
∑
n
(~dmn~ε0)(~dni~ε0)
4~2
× 1
(ωmi − ω)(ωni − ω)
∣∣∣∣∣
2
×
2πδ(Ef − Ei − 2~ω + ~ωkλ) (3.8)
44. NUMERICAL SIMULATION OF
SPONTANEOUS EMISSION IN THE PRESENCE
OF STRONG LASER FIELD
In this section we briefly describe the numerical proce-
dure that was used to study the spontaneous emission of
the quantum system driven by high-intensity laser field.
We study one-dimensional atomic system with the
Coulomb-screened potential [21]:
V (x) = − e
2
√
α2 + x2
. (4.1)
Screening parameter is α = 1.6165 a0, a0 is Bohr radius.
For such value of α the ionization potential is 12.13 eV
which corresponds to ionization potential of xenon atom.
The set of energy levels in such a xenon-like atom can be
found in Table I.
Table I: Xenon energy levels obtained in the numerical simu-
lations for the potential (4.1)
Principal quantum number, n Energy, eV
1 -12.134
2 -5.910
3 -3.457
4 -2.220
5 -1.550
6 -1.135
7 -0.870
8 -0.685
9 -0.555
10 -0.457
11 -0.385
12 -0.327
13 -0.282
Further we discuss the set of calculations for an atom
being initially prepared in the ground state n = 1 and
exposed to the radiation of the second harmonic of Ti-Sa
laser (~ω = 3.1 eV) with the sine-squared pulse form:
ε(t) = ε0 sin
2 πt
2tp
cosωt, (4.2)
The half-pulse duration tp is 12 optical cycles. According
to the above-mentioned model we solve self-consistently
equation (2.3) for the evolution of atomic wave function
with the set of equations (2.12) for one-photon excita-
tions in different quantized field modes. The system of
equations (2.3), (2.12) was solved numerically by the
method of finite elements [22]. Main features of ap-
plied algorithm were discussed in [23]. The number of
modes considered in the calculations was 500-1000. Fre-
quency interval between two neighboring modes was cho-
sen about 0.02− 0.04 eV. The modelling was performed
for the time interval twice exceeding the duration of
pulse. That allows one to distinguish spontaneous transi-
tions that are possible without laser field from the stim-
ulated transitions like Raman and Rayleigh type when
spontaneous photons appear only during the laser pulse
action.
1E13 1E14
0,01
0,1
1
pr
ob
ab
ili
tie
s
ioniz
ground
excit
intensity, W/cm2
Figure 1: Ionization yield, probabilities of excitation of Rydber
states and population of initial (ground) state in dependence on
the intensity of laser radiation.
We will start from the discussion of the ionization dy-
namics of the ground state of the model atom (n = 1).
The obtained data for probabilities of ionization, exci-
tation of Rydberg[1] states as well as for population of
the initial (ground) state are presented at fig.1. First
we would like to note that ionization yield is found to
be the nonmonotonous function of laser intensity as far
as significant part of population is trapped in excited
(Rydberg) states and can be interpreted as the interfer-
ence stabilization phenomenon [8–10, 24]. Such behavior
of the atomic system results from the multiphoton cou-
pling of the ground states and set of Rydberg states near
the continuum boundary and further population trap-
ping (stabilization) in Rydberg states. Such situation
was studied recently in detail in a number of papers [24–
26]. Another point of view on the same problem was
suggested in [27–29], where the model of frustrated tun-
neling was developed. In [30] it was supposed that both
models are similar, but one of them explains the process
of atomic ionization in field-free atomic basis while an-
other one deals with the dressed basis reconstructed by
the laser field.
As we have already mentioned, efficient population of
Rydberg states in high-intensity limit is the main fea-
ture of stabilization phenomenon. The distribution of
excited states over principal quantum number for differ-
ent peak laser pulse intensities is presented at fig.2. It
can be seen that significant part of the atomic popula-
tion is distributed over Rydberg states (with principal
quantum numbers n ≥ 5) with even values of quantum
number corresponding to the four-photon transition from
the ground state. Such population can be considered as
[1] Here we suppose that Rydberg states are the all states that
bound with the continuum by single-photon transitions
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Figure 2: The population distribution over principal quantum
number by the end of the laser pulse for intensities (W/cm2) 1
- 3× 1013, 2 - 1014, 3 - 3× 1014 W/cm2.
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Figure 3: Spectral probability density of the atomic system emis-
sion irradiated by the 2nd harmonic of Ti-Sa laser pulse. The in-
tensity of radiation is 1013 W/cm2 (c). Solid curve is the emission
spectrum by the end of the laser pulse, dash curve corresponds to
the instant of time equal two pulse duration.
a manifestation of the Raman Λ-type transitions via the
continuum that testifies the phenomenon of interference
stabilization [8].
Recent experiments [31] on excitation and ionization
dynamics of Ar and Ne atoms exposed to strong fem-
tosecond laser pulses at λ = 400 and 800 nm have also
demonstrated non-monotonous atom excitation yield de-
pendence on laser intensity as a result of channel closing
and effective population trapping in Rydberg states. The
obtained data are found to be in qualitative agreement
with theoretical model [24–26].
Calculations of the spectral probability density of pho-
ton emission Wω from the atomic system driven by the
femtosecond laser pulse for the relatively low intensity
(1013 W/cm2) when the system dominantly stays in the
initial ground state (see fig.1) are displayed at the figure
3. Two peaks in the emission spectrum are well pro-
nounced. In both cases the emission occurs only during
the laser pulse action. The frequency of one of them coin-
cides with the frequency of laser radiation ~ωkλ = ~ω and
thus this peak represents the well known Rayleigh scat-
tering. Another one corresponds to the third harmonic
of laser radiation and can result from the hyper-Rayleigh
scattering |1〉 + 3~ω → |1〉 + ~ωkλ, ~ωkλ = 3~ω. This
process is responsible for the cubic nonlinearity of the
media and third-order harmonic generation. Neverthe-
less, in our case the emission line at ~ωkλ = 3~ω = 9.3
eV can also have another origin. Really, the calcula-
tion of probabilities
∣∣Ckλn ∣∣2 to find the atom in different
bound states |n〉 under the assumption that a photon is
in the mode {k, λ} with ~ωkλ = 9.3 eV demonstrates that
atom is found to be in the state |n = 1〉 with probability
≈ 0.64, while the population of |n = 2〉 is ≈ 0.36. Such
situation can be interpreted as a hyper-Raman scattering
|1〉+5~ω→ |2〉+~ωkλ via intermediate continuum state.
We would also like to note that as the stationary states
in discrete spectrum of the atomic system are character-
ized by the definite parity, the second harmonic and other
even harmonics in the emission spectrum are forbidden.
For higher intensities values when the essential excita-
tion and ionization of the atom takes place, the emission
spectra are much more complicated (see fig.4). Besides
above mentioned lines corresponding to the fundamental
frequency and it’s third harmonics, a lot of other peaks
are found to be seen. Some of them are formed during the
laser pulse action while others appear in the after-pulse
regime.
Nevertheless, for high intensities even the peak with
~ωkλ = ~ω can have several physical origins. One of
them which has been already mentioned when a first
stimulated one-laser-photon transition from the initial
state to the intermediate state is followed by a sponta-
neous transition from this state back to the initial state.
Another one is the bremsstrahlung transition at the ra-
diation frequency appearing from the free electron os-
cillation nearby the area of atomic potential. To dis-
tinguish these mechanisms the distribution of probabili-
ties
∣∣∣C(kλ)n
∣∣∣2 under the assumption that photon is in the
mode {k, λ} with ~ω = 3.1 eV was also calculated. If
the main contribution to the peak at ~ωkλ = 3.1 eV
appears from the Rayleigh scattering the corresponding
value of
∣∣∣C(kλ)n=1
∣∣∣2 will be close to unity. Such situation
is really realized for intensities ≤ 3 × 1013 W/cm2 while
for higher intensities the main contribution comes from
the bremsstrahlung effect. The same conclusion is also
valid for the peak with ~ωkλ = 9.1 eV. In both cases this
emission takes place only during the laser pulse action.
Very interesting situation is realized for the peak with
frequency near 6.2 eV that appears to exist in the strong
field limit I ≥ 1014 W/cm2. First, the second harmonic
frequency of the laser pulse which should be forbidden
by selection rules for the case of atom being initially
in the ground state is observed here. Such an emission
line can be associated with transitions between differ-
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Figure 4: Similar to fig.3, but for laser intensities (in W/cm2):
3× 1013 (a), 1014 (b) and 3× 1014 (b). Values near the peaks
are their energy positions (in eV). Solid curve is the emission
spectrum by the end of the laser pulse, dash curve corresponds
to the instant of time equal two pulse duration.
ent continuum states (see fig.4(c)). On the other hand
the discussed frequency is close to the frequency of the
transition ~ω21 = E2 − E1 ≈ 6.22 eV. Contribution of
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Figure 5: Population of different atomic states for the spontaneous
emission of quanta 6.84 eV (1) and 7.84 eV (2) in the presence of
a strong laser field with peak intensity 3× 1014 W/cm2.
such spontaneous transition in the after-pulse regime is
clearly seen: calculation of the coefficient
∣∣∣C(kλ)n=1
∣∣∣2 for the
~ωkλ = 6.2 eV gives the value ∼ 1 for the intensity 1014
W/cm2.
We can distinguish two groups among other lines: one
of them appears in after-pulse regime while the second
one forms during the laser pulse action. Really, lines
with ~ωkλ = 4.36, 5.04, 5.36, 5.56 eV correspond to the
spontaneous transitions to the state |2〉 from upper Ry-
dberg states n = 5, 7, 9, 11 correspondingly. Lines with
~ωkλ = 0.68, 1.36, 1.66 eV correspond to the spontaneous
transitions to the state |4〉 from states n = 5, 7, 9. Line
with ~ωkλ = 0.28 eV can be interpreted as the head line
of series |n〉 → |6〉 with n = 7.
As above discussed structure of the spontaneous emis-
sion spectrum formed in the after-pulse regime, obtained
data can be considered as the manifestation of popula-
tion trapping in Rydberg states as a result of stabilization
phenomenon.
Now we will briefly discuss several peaks ~ωkλ =
6.84, 7.846 eV, that formed during the laser pulse action
(see fig.4(c)). To provide more insight into the nature
of these peaks we present the distribution of the values∣∣∣C(kλ)n
∣∣∣2 over n for these two frequencies (see fig.5). It
was found that total probabilities
∑
n
∣∣∣C(kλ)n
∣∣∣2 to find the
atom in the bound state after the emission of photon were
0.355 and 0.465 for ~ωkλ = 6.84 and 7.84 eV respectively.
It means that these peaks appear dominantly as a result
of a bremsstrahlung effect. Nevertheless, significant part
of this quanta appears from the transition to Rydberg
states with n = 5, 7, 9. These transitions can result from
hyper-Raman scattering with absorption of a number of
photons of laser field and spontaneous emission of photon
~ωkλ. As these peaks are formed during the laser pulse
action the AC Stark shift of different levels should be
taken into account. As far as for the continuum bound-
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Figure 6: Similar to fig.3, but for laser intensity 1015 W/cm2.
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Figure 7: Probability of emission of an atom irradiated by the 2nd
harmonic of Ti-Sa laser pulse with peak intensity 3× 1013 W/cm2
(semiclassical approach).
ary and Rydberg states the Stark shift can reach several
eV, the number of absorbed laser photons is probably 5
or 7.
To conclude our study we will discuss the emission for
extremely high laser intensity 1015 W/cm2. The spec-
trum of emission for this intensity is presented at Fig.6
and consists of both odd and even harmonics of laser
radiation that are formed during the laser pulse action.
Several peaks of spontaneous transitions emerging after
the laser pulse are well pronounced and can also be con-
sidered as the manifestation of stabilization phenomenon.
Among them there are peaks corresponding to transitions
|n = 5, 7, 9〉 → |2〉 as well as new series |n = 4, 6, 8〉 → |1〉
with lines 9.92, 11.04, 11.48 eV.
However the dominant part of atomic emission comes
from laser frequency harmonic generation. Preliminary
analysis of this emission leads to the conclusion that ob-
served harmonics appear from the bremsstrahlung effect,
but not from photorecombination. This fact is in contra-
diction with semiclassical approach [4] typically applied
to study the harmonic generation process in strong laser
fields. This approach [14–18] is based on the calculation
of the averaged over the atomic wave functions dipole
moment of the quantum system:
~d(t) = −e
∫
|ψ(~r, t)|2~rd3r, (4.3)
under the assumption that the spectral intensity of emis-
sion is proportional to the the Fourier transform of
squared second derivative of (4.3). Than the semiclas-
sical probability of emission can be found as W
(semi)
ω ∼
ω3
∣∣∣~dω
∣∣∣2.
Generally, this semiclassical model is absolutely incon-
sistent with the approach based on the study of atomic
system interaction with quantized field modes [19]. The
main contradiction appears from the fact that transitions
only to the populated states can take place in the semi-
classical model [20]. Hence, almost all spectral lines that
appear in our simulations can not be observed in the
semiclassical approach.
To illustrate this fact we provide here the results of
semiclassical calculations of spontaneous emission prob-
ability W
(semi)
ω (in arbitrary units) of the model atom in
the presence of the laser pulse with intensity 3 × 1013
W/cm2 (fig.7). These data should be compared with
those presented at fig.4(a). First, we would like to stress
the absence of the emission corresponding to the transi-
tions to the low-lying bound states. This problem was
discussed in [20] and results from the fact that these
states are unpopulated during the pulse and in the after-
pulse regime. Second, we can see that only odd harmon-
ics of fundamental frequency can be emitted in semiclas-
sical approach while quantum electrodynamical consid-
erations allows even harmonics of laser radiation as well.
5. CONCLUSION
Thus, general approach to analyze the spontaneous
emission of an atomic system driven by a strong laser
field was discussed in detail. It is based on the first or-
der of perturbation theory for the interaction with quan-
tized vacuum field modes while the interaction with the
intense classical laser field is considered numerically or
analytically beyond the perturbation theory. The spon-
taneous emission from the model one-dimensional atom
driven by the high-intensity field of second harmonic of
Ti-Sa laser was studied. Different types of transitions be-
tween discrete and continuum states were found to exist
and distinguished. It was demonstrated the spontaneous
emission from the atom in the after-pulse regime can be
used to testify the population trapping in atomic Ryd-
berg states and interference stabilization phenomenon.
We have also demonstrated that data for emission
spectra of a single atom obtained in the frames of semi-
classical approach are found to be absolutely inconsis-
tent with the results of quantum-electrodynamical calcu-
lations. This conclusion can be very important for un-
8derstanding of physics of high order harmonic generation
and should be studied in more detail.
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